The Quantum Hall Transition in Real Space: From Localized to Extended States 
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Using scanning tunneling spectroscopy in ultra-high vacuum at low temperature (T — 0.3 K) 
and high magnetic fields {B < 12 T), we directly probe electronic wave functions across an integer 
quantum Hall transition. In accordance with theoretical predictions, we observe the evolution from 
localized drift states in the insulating phases to branched extended drift states at the quantum 
critical point. The observed microscopic behavior close to the extended state indicates points of 
localized quantum tunneling, which are considered to be decisive for a quantitative description of 
the transition. 



PACS numbers: 73.43.Nq, 73.20.At, 73.43.Cd 

Two-dimensional electron systems (2DES) are para- 
digms for quantum phase transitions [Ij. For exam- 
ple, they exhibit metal-insulator, integer quantum Hall 
(IQH), and superconductor-insulator transitions Q, all 
described fairly successfully by a universal percolation- 
type model [3| . Some macroscopic aspects of this perco- 
lation have been verified, e.g. by transport experiments 
revealing critical exponents for the divergence of the lo- 
calization length [J|. However, the most fundamental 
aspect, i.e. how wave functions change at the transition, 
has not been probed experimentally. Here, we directly 
observe the wave functions at the IQH transition taking 
advantage of its tunability by a magnetic (B) field. 

The microscopic description of IQH transitions is the- 
oretically well established (1, S, 0]. The 2DES in B- 
flelds exhibits discrete kinetic energies which are called 
Landau levels (LL). The corresponding states are sub- 
ject to random potential disorder, which has primarily a 
semiclassical effect ,5]: the electrons perform a fast cy- 
clotron rotation within the electrostatic disorder which 
leads to additional drift motion along the equipotential 
lines ^]. Quantum mechanically, so-called drift states 
meander along equipotential lines with a width of about 
the cyclotron radius ^c [6|. If the potential energy of 
the state is low (high), the drift states are closed trajec- 
tories around potential minima (maxima), i.e. they are 
localized and represent insulating electron phases. In the 
center of a LL, the adjacent trajectories merge at the sad- 
dle points of the potential leading to an extended state 
traversing the whole sample. It is known that this state 
is the quantum critical state of the IQH transition and 
responsible for the finite longitudinal resistance between 
quantized values of the Hall conductance [5|, Ifil, [Zl, l9| . 



Several experiments have addressed microscopic as- 
pects of QH transitions lOillll- However, none of these 
techniques revealed sufficient lateral resolution to image 
the drift states. Only scanning tunneling spectroscopy 
(STS) using the adsorbate-induced 2DES at n-InAs(llO) 
surfaces found localized drift states within a LL tail 12|. 
This paves the path to observe the decisive transition 
from localized to extended states directly. Localized 
states in _B-field have also been observed on graphite, 
which, however, does not exhibit a pure 2DES 13]. 

Here, we probe the local density of states (LDOS) of 
the adsorbate-induced 2DES on n-InSb(llO) by STS. The 
2DES is prepared by depositing 0.01 monolayer of Cs 
atoms on cleaved n-InSb(llO) at T = 30 K andp ~ 10-^° 
mbar [lj,ll5[. STS is performed in-situ at T = 0.3 K and 



m 

B < 12T 



16| using a W-tip carefully selected by trial 



and error to exhibit negligible tip-induced band-bending 
IJ, Il7| . The tip is stabilized at current /stab and voltage 



14tab, prior to measuring dl/dV as a function of sample 
voltage Vs directly by lock-in technique with modulation 
voltage Vmod- 

First we sketch the general properties of the 2DES. Fig- 
ure HJa) shows a color scale plot of the local differential 
conductivity dI/dV{Vs) of the 2DES measured along a 
straight line at B = T and the corresponding spatially 
averaged dl/dV curve. They, respectively, represent the 
energy dependence of the LDOS (energy-position plot) 
and of the macroscopically averaged LDOS, i.e. the DOS 
[li|. The LDOS of the 2DES shows two apparent bound- 
aries coinciding with two step-like features in the DOS at 
Vs — -115 and -47 meV, which represent the first {Ei) 
and second {E2) subband edges as indicated in Fig. [1] 
(a). The subband energies are excellently reproduced by 



aself consistent calculation [Fig. [TJb)] [lj,ll9|. The irreg- 
ularity of the onset at Ei is a signature of the potential 
disorder [l^. Figure 1(c) shows a set of dl/dV curves 
measured at the same position at different B. Start- 
ing at B = 6 T, the d//dV^ curves exhibit distinct LLs 
with a pronounced twofold spin splitting. The LLs are 
separated by regions of d//d V ^i evidencing complete 
quantization. Indeed, spin-resolved IQH plateaus up to 
filling factor six were recently observed by magnetotrans- 
port on an adsorbate-induced 2DES on InSb(llO) [20|. 
Repeating the measurement using smaller B-field steps 
highlights the continuous evolution of the spin-split LLs, 
i.e. the LL fan diagram in Fig. [Ijd). The green (red) 
dashed lines mark the four (two) spin-down LLs of the 
1st (2nd) subband. The accompanying spin-up LLs are 
visible at higher energies as marked by blue arrows for 
the lowest LL. Partly, LLs of different subbands cross 
without anticrossing indicating orthogonality and, thus, 
negligible interaction between the subbands. From the 
peak distances, we deduce the effective mass m* and the 
absolute value of the f;-factor \g\ via the separation of 
LLs h\e\B/m* {h: Dirac's constant, e: electron charge) 
and of spin levels \g\fiBB (pb'- Bohr magneton). For the 
lowest peaks at B = 6 T, we find m*/me = 0.019±0.001 
{me- free-electron mass) and \g\ = 39 ±2. This is close to 
the known values at the band edge m* /rrie = 0.014 and 
\g\ = 51 with slight deviations due to non-par abolicity 
and ener gy d ependent spin-orbit coupling as known for 
InSb 
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Figures [2Ua)-(g) show our central result, the LDOS 
across an IQH transition, i.e. dl/dV images recorded in 
the lowest spin-down LL of the 2DES (LLOj) at B = 12 
T. The corresponding, spatially averaged dl/dV curve is 
shown in Fig. [IJh). The continuous change of the LDOS 
with energy is available as an EPAPS movie [lj|. The 
LDOS in the low-energy tail of LLOJ, is shown in Fig. 
[2](a). It exhibits spatially isolated closed- loop patterns 
with averaged full width at half maximum (FWHM) ~ 
6.9 nm close to re = 7.4 nm. Thus, we attribute the 
closed patterns to localized drift states of LLOJ, aligning 
along equipotential lines around a potential minimum. 
Accordingly, at slightly higher energy [Fig. [21(b)], the area 
encircled by the drift states increases indicating that the 
drift states probe a longer equipotential line at higher 
energy within the same valley. In contrast, the ring pat- 
terns at the high-energy tail, marked by green arrows in 
Fig-[2tf)7 (g), encircle an area decreasing in size with in- 
creasing voltage. These states are attributed to localized 
drift states around potential maxima. Notice that the 
structures in Fig. [2Ka) and (b) appear nearly identically 
in Fig.[2l^f) and (g) as marked by white arrows. The latter 
structures are the LL01" states localized around potential 
minima, which energetically overlap with the high-energy 
LLOJ, states localized around potential maxima. When 
the voltage is close to the LL center [Fig.[5Kc), (e)], adja- 
cent drift states coalesce and a dense network is observed 
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FIG. 1: (a) Color scale plot of dl / dV {Va) measured along a 
straight line at B = T (left); corresponding spatially aver- 
aged d7/dy(Vs) (right); dashed lines mark the Fermi level 
Ef and ith subband energies Ei {i = 1,2); Ktab = 150 
mV, /stab = 0.13 nA, Fmod ~ 2 mV. (b) Self-consistently 
calculated band bending at the InSb surface (black line) and 
electron-density distribution of ith subband (red areas); Ei 
and electron areal densities Ui are marked, (c) dl /dViVs) 
at different B recorded at the same lateral position; Ei, Ef, 
{dl /dV — 0)-lines on the right, LLs and spin directions are 
marked; Ktab = 150 mV, l^tab = 0.13 nA, V^^od = 2.0 mV (0 
T), 1.3 mV (6 T), 1.0 mV (9 T), 0.9 mV (12 T) (d) Experi- 
mentally determined Landau fan diagram; green (red) dashed 
lines: spin-down LLs of the 1st (2nd) subband; arrows: spin- 
up levels of the lowest LL; V^stab = 150 mV, /stab ~ 0.10 nA, 
Vmod = 1.5 mV. 



directly at the LL center [Fig. Hfd)] . This is exactly the 
expected behavior of an extended drift state at the IQH 
transition 6, 7]. Fig. [5]Ji) shows a calculated extended 
state at B = 12 T in a 2DES of InSb ^23^ ^24^ and the 
potential disorder provided by the known dopant density 
of the sample [1J| . Good qualitative agreement with the 
measurement is achieved supporting the interpretation of 
the coalesced LDOS patterns as extended states. Figure 
[2Kj) shows another extended state recorded on a larger 
area at different B demonstrating that the coalesced pat- 
terns is not restricted to small length scale. 

Interestingly, the drift states around the LL center in- 
dicate quantum tunneling at the saddle points. Within 
the classical percolation model, the adjacent drift states 
are connected at a singular energy at each saddle eventu- 
ally leading to a localization exponent ly = 4/3. However, 
experimental [4)], and numerical [7| results for IQH tran- 
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FIG. 2: LDOS of lowest LL. (a)-(g) Measured dI/dV{x,y); B = 12 T, Vs = -116.3 mV (a), -111.2 mV (b), -104.4 mV (c), 
-100.9 mV (d), -99.2 mV (e), -92.4 mV (f), -89.0 mV (g), /^tab = 0.1 nA, Ktab = 150 mV, "Knod = 1.0 mV; same d//dV-color 
scale in each image; white (green) arrows in (a), (b), (f), (g) mark drift states encircling potential minima (maxima); red, 
yellow arrows in (c), (e) mark tunneling connections existing at identical positions; crosses in (d) mark extended LDOS areas at 
saddle points, (h) Spatially averaged dl/dV curve with circles at the Va used in (a)-(g). (i) Calculated LDOS at the center of 
LLO| at B = 12 T; red arrows mark tunneling connections at the saddle points; white crosses mark extended areas, (j) d7/dV^ 
image close to the center of LLOf at B = 6 T, K = —99 mV; image includes the area of (a)-(g) within the marked rectangle. 



sitions revealed v ~ 2.3. The discrepancy is attributed 
to quantum tunneling between classically localized drift 
states [6|, |7[ • Tunneling connections are indeed visible in 
our data spreading over an energy range of 5 meV. As 
an example, the red (yellow) arrows in Fig. ^c) and (e) 
mark the same connection point at Vs ~ -104.4 mV and 
-99.2 mV. LDOS is faintly visible at both positions in 
both images and sharply rotates by about 90° between 
the images. The reason is simply that the tunneling inter- 
connection mediates between valley states at low energies 
and between hill states at high energies, which are con- 
nected via two nearly orthogonal lines. Such weak links 
are reproduced by the calculation as marked by red ar- 
rows in Fig.[i;i) (see also Fig. S3 of [li|). Note that the 
intrinsic energy resolution of the experiment is 0.1 meV 
[16| , while peaks in the LL fan diagram exhibit a FWHM 
of 2.5 meV probably due to life-time effects. Thus, broad- 
ening due to the energy resolution can hardly account 
for intensity at the saddles within an energy range of 
5 meV. Moreover, it cannot explain the change of ori- 
entation. Another intriguing observation are the LDOS 
areas larger than Tc around the saddles. They are again 
visible in experiment [crosses in Fig. [2l[d)] and calcula- 
tion [crosses in Fig. ^i)] and are probably due to the 
flat potential at the saddles leading to slow drift speed 
and, thus, extended LDOS intensity. Notice that both, 
the spreading of LDOS intensity at the saddles in en- 
ergy and position, is consistent with previous quantum 
mechanical calculations [g, |7|| . 

Finally, we discuss the possible influence of the tip. It 
is known that a mismatch of tip and surface potential 



leads to band bending within the sample [17|, [18|. To 
avoid this, we used only W-tips exhibiting a minimum of 
tip-induced band-bending. By analyzing the dl / dV data 
at _B = T with and without adsorbates, we can safely 
rule out a work function mismatch between tip and sam- 
ple larger than 15 meV IJ, lul, ll8| . The applied Vs leads 
to an additional tip-induced band bending with a lever 
arm of ten as determined from experiments described in 
14|. Thus, we get an additional band bending of less 
than 12 meV. The influence of such small band bendings 
is tested by the theoretical calculations of a disordered 
2DES in B-field [li, [H, [111 . The tip-induced potential is 
added to the disorder potential of the 2DES as a Gaus- 
sian with 50 nm FWHM and amplitude [Vtipj < 20 meV 



17|,[18|. The LDOS is calculated at each lateral tip po- 
sition and its intensity below the tip is displayed as a 
function of tip position. Fig. [3fa) shows the resulting 
energy-position plots for three different Vtip at S = 6 
T. Obviously, Vtip leads only to a rigid energetic shift. 
This result is robust to changes in B and FWHM. Thus, 
the spatial dependence of the LDOS patterns is not in- 
fluenced by a small potential mismatch [Vtipj < 20 meV. 

To substantiate this result. Figs. [2Ib)-(e) show exper- 
imentally determined voltage-position plots in compari- 
son with calculated energy-position plots IJ, |23| at B 
= 6 and 12 T. Spin-split LLs fluctuating in energy are 
visible as meandering pairs of lines. The theoretical cal- 
culations do not require free parameters by neglecting 
the tip-induced potential. They reproduce the experi- 
mental trends of spatially fluctuating spin resolved LLs. 
The fluctuation length is 80 % larger and the fluctuation 
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transitions, in future experiments [9|, |ll|. However, al- 
ready the present results go far beyond previous results 
[id . Il3| by providing the states at the quantum phase 
transition, a LL fan diagram and a detailed theoretical re- 
production of the observed experimental LDOS features. 

We thank F. Evers, H. Akera, G. Bauer, M. B. Santos, 
D. Haude, F. Marczinowski, S. v. Oehsen, and G. Meier 
for helpful discussions and the DFG program "Quantum- 
Hall systems" as well as SFB 508-B4 for financial sup- 
port. Part of the calculations were performed at ISIC, 
Iwate University and Cyberscience Center, Tohoku Uni- 
versity as well as at the UK National Grid Service. 



FIG. 3: (a) Calculated LDOS(£;,a;) at B = 6 T; Kin = and 
±20 meV as marked; m* /m^ := 0.02, \g\ := 28 Q (b), (c) 
Measured dl /dV{Vs,x) at B — 6 and 12 T; x: lateral position 
along straight line; /stab = 0.13 nA, Kstab = 150 mV, Kiod = 
1.3 mV (b), 0.9 mV (c). (d), (e) Calculated LDOS{E,x) at 
B = 6 and 12 T; Kip = meV. 



amplitude 40 % lower than in the experiment. This is 
most likely due to the neglected inhomogeneous charge 
distribution of the adsorbates, which would increase the 
potential disorder given by the bulk dopants. Indeed, as 
shown in Fig. SI of [ij], the spatial distribution of ad- 
sorbates is related to the resulting drift states, and the 
correspondence is improved by adding surface charges to 
the calculation (not shown). However, since many de- 
tails of the adsorbate potential are not known, we omit 
its inclusion, thereby avoiding the use of further param- 
eters. Note that the parameter-free calculation and the 
experiment quantitatively exhibit the same trends with 
B-field and energy, i.e. a 30 % increase of fluctuation 
amplitude between 6 and 12 T and a 60 % decrease of 
fluctuation amplitude between LLO and LL3 at i? = 6 
T. Both effects are explained straightforwardly by the 
fact that drift states can only probe potential fluctua- 
tions down to length scales of Vc — \/{'2n + 1) ■ h/ (|e|i?) 
(n: LL index). 

In summary, our STS experiments provide the first di- 
rect observation of wave functions across an IQH tran- 
sition. They reveal the development from localized to 
extended states including indications of the theoretically 
predicted quantum tunneling at saddle points of the dis- 
order potential. We probe states well away from the 
Fermi level, and thus artificially exclude the influence of 
electron-electron interaction, thereby considering a the- 
oretically pure IQH transition, which is regarded as a 
hallmark in the theoretical description [6|, III, |8|, |9| . In- 
deed, single-particle calculations can largely reproduce 
our experimental results. In principle, the experiments 
can be extended to 2DES states at Ep by using p-type 
samples. Thus, we could add the electron-electron inter- 
action, which reveals a wealth of further quantum phase 
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